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Anomalous Tunnel 
Magnetoresistance and Spin 
Transfer Torque in Magnetic 
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Nanoparticles
Arthur Useinov1,2,3, Lin-Xiu Ye2, Niazbeck Useinov3, Te-Ho Wu4 & Chih-Huang Lai2
The tunnel magnetoresistance (TMR) in the magnetic tunnel junction (MTJ) with embedded 
nanoparticles (NPs) was calculated in range of the quantum-ballistic model. The simulation was 
performed for electron tunneling through the insulating layer with embedded magnetic and non-
magnetic NPs within the approach of the double barrier subsystem connected in parallel to the single 
barrier one. This model can be applied for both MTJs with in-plane magnetization and perpendicular 
one. We also calculated the in-plane component of the spin transfer torque (STT) versus the applied 
voltage in MTJs with magnetic NPs and determined that its value can be much larger than in 
single barrier system (SBS) for the same tunneling thickness. The reported simulation reproduces 
experimental data of the TMR suppression and peak-like TMR anomalies at low voltages available in 
leterature.
Various multilayer systems such as magnetic tunnel junctions (MTJs) and their modifications attracts considerable 
attention due to their promising applications. The current progress in studying the spin transfer torque, spin Hall 
effect, and TMR effect will provide the successful solutions of the problems related to the low critical switching 
current and the high thermal stability factor of magnetoresistive random access memory (MRAM) cells and other 
nanodevices1.
It is well known that the double barrier system (DBS) might have a few advantages in relation to the single 
barrier system (SBS). As example, it was previously demonstrated that the double barrier MTJ is more suitable 
and applicable for MRAM due to larger Δ R/R ratio (Δ R is resistance change of the tunneling cell between two 
magnetic states (or bits), R is a resistance of the junction)2, as well as grater voltage output (Δ V = V × TMR, 
where V is applied voltage)3,4. Furthermore, it was reported that DBSs are riched with a quantum effects, e.g. 
oscillations of the tunneling conductance at low voltages which confirm an existance of the quantum well (QW) 
states in the middle layer5. The high exchange energy splittings of the conduction bands in Fe, Co, Ni and FeCoB, 
FeNi alloys that are used for MTJ fabrication provide strong differences between barrier transparencies for the 
majority and minority electrons. Considering that the electrons conserves their spin, the tunneling for the spin-up 
and spin-down electrons can be treated within the model of the two conduction channels6,7, where electrons orig-
inating from a particular spin state of the one electrode tunnel into the empty states of the other one. Moreover, 
if the total thickness of the tunneling system is around 5 nm the electron cannot be considered as a particle. The 
Coulomb blockade effect is limited to the cotunneling and consecutive tunneling models8–14, therefore, we assume 
that Coulomb blockade can be neglected. We considered the quantum solution for DBS at low temperatures and 
the generalized quantum-ballistic transport model which is similar to coherent tunnel model15.
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In the present study, the transport problem was explored in terms of electron propagating waves reflecting the 
superposition of the quantum states for all magnetic layers, barriers and NPs within the double barrier approach16 
and generalized point-like contact model (see Supplementary Information). It is important to notice that the 
consecutive model and related Coulomb blockade due to basic definition cannot achieve the limit of the ballistic 
model. In fact, when we reduce the barrier thickness to the case that the NPs touch the both leads, the ballistic 
conduction occurs, which can only be explained by the point-contact model, instead of Coulomb blockade. We 
consider the system with small NP size and barrier thickness (in relation to mean free path of electron, l ≥ 15 nm 
in metals) that Coulomb blockade cannot be achieved yet because electron has a wave quantum properties up to 
5 nm–6 nm in nanoscale and our electron transport regime is before regime of the percolation. Percolation means 
consequent tunneling regime of the conductance with possible realization Coulomb blockade when consequent 
tunneling is suppressed (the electron shows more classical properties at this case).
Recent experimental and theoretical studies confirmed that double barrier magnetic tunnel junctions are 
promising structures for nanodevices5,17–21, for instance Gao et al.19 proposed the fabrication of a new kind of the 
spintronic devices such as the memory cell or STT-MRAM on the basis of the tunnel junctions, where the insu-
lating layer is deposited as discontinuous media with embedded NPs. One of the simple ways to fabricate NPs in 
the plane of the insulating layer is plasma-assisted deposition with the low deposition rate. Nanoparticles grow up 
from the grains as a result of the atomic clusterization process8,11,22.
Up to the present time there is an absence of systematically sufficient theoretical studies in the related field that 
explain the anomalous TMR behavior appropriately in the system with embedded NPs. The goal of this work is to 
present a simple approach explaining mainly all kinds of experimental observations, specifically those published 
by researchers from the IBM Almaden Research Center11 and Taiwan SPIN Research Center22. These reports11,22 
are the main source of the experimental data for the comparison with our numerical simulations. In addition, our 
approach can be used to predict spin transfer torque in MTJs with embedded NPs.
In ref. 11, the MTJ with the in-plane magnetic anisotropy was constructed on the basis of SiO2/Ta(10)/
Ir22Mn78(25)/Co70Fe30(3.5)/Mg(0.8)/MgO(2.8 nm)/Co70Fe30(7)/Ta(10) structure and the one which contains 
embedded Co70Fe30 NPs inside the MgO barrier: SiO2/Ta(10)/Ir22Mn78(25)/Co70Fe30(3.5)/Mg(0.8)/MgO(2.5)/
Co70Fe30(tNP)/Mg(0.8)/MgO(2.5)/Co70Fe30(7)/Ir22Mn78(15)/Ta(10) (thicknesses in nm). These structures were 
characterized by the middle layer thickness tNP, where tNP values from 0.25 to 0.75 nm which corresponds to the 
average NP (or nanodot) diameters from 1.53 ± 0.4 to 3.2 ± 0.7 nm, respectively. In fact, the NPs have the size 
dispersion, and its formation can be controlled by deposition rates, substrate materials and annealing.
The experimental measurements in refs 8,11 show the unusual TMR enhancement and the TMR suppression at 
the zero bias-voltage at low temperatures of a few kelvins. In particular, the TMR suppression has been explained 
by the Kondo-assisted tunneling regime with tNP < 0.7 nm, while the low-bias peak-like TMR enhancement was 
observed for tNP ~ 1.1 nm (average size of the NPs is larger). Results of the ref. 11 was treated as co-tunneling 
regime23 with the assumption that the TMR anomalies were related to the Kondo resonant-tunneling. Furthermore 
the interpretation of these behaviors was given within the existence of sequential tunneling with Coulomb blockade, 
co-tunneling and non-resonant (and resonant) Kondo-assisted tunneling regimes, which mostly depend on the 
tNP value11. In addition, it was noted that the crossover from Kondo to co-tunneling behaviors for tNP ≤ 1 nm is 
correlated with the suppression threshold of the NP magnetic moments. If this moment is exist in NPs, then it could 
be coupled with one of the magnetic layers or vs. the external magnetic field. As a result, NPs have a temperature 
threshold (blocking temperature) when magnetic moment direction might be stable for finite low temperature 
while for higher temperature not stable. One of the experimental methods such as the field-cooled magnetization 
technique was used to indicate the dispersion of the NP blocking temperatures and observe the considerable 
fluctuations of the magnetic moments of the NPs persisting at low temperatures.
In the experimental work of Ye et al.22 the MTJs with the perpendicular magnetic anisotropy (pMTJs) were 
constructed on the basis of SiO2/Ta(25)/Co40Fe40B20(1.3)/MgO(1)/Fe(tNP)/MgO(1)/Co20Fe60B20(2.2)/Ta(5) struc-
tures, which were measured for the fixed current values I = 20μ A. As a result, the anomalous Hall voltages and 
R–H loops were measured for various tNP, since the Fe layer thickness tNP strongly influences the coercivity of 
the samples. Furthermore, the decrease in the coercivity with the further increase in the Fe content (varying tNP 
from 0.15 to 0.3 nm) is attributed to the percolation threshold and the formation of the connected network of 
magnetic granules as was performed previously24. Moreover, in comparison with the reference sample without Fe 
nanoparticles, one order enhancement of TMR value was discovered in the system with small tNP = 0.15 nm. This 
behavior may originate from the possible enhancement of the spin polarization or spin current filtering on NP25, 
but not due to Coulomb blockade effects.
The TMR behaviors, which were manifested in experiments8,11,22, can be explained within presented quantum 
mechanical model, where only one coherent tunneling regime was considered. The TMR effect arises due to two 
different resistance states of the junction with parallel (P) and antiparallel (AP) magnetization alignments of the 
top and bottom magnetic layers, i.e. TMR = (RAP − RP)/RP. The NPs may have its own independent magnetization 
directions, which influence the total resistance state. In our calculations, we consider two cases of the NP magnetic 
moment direction: co-aligned and anti-aligned with the magnetization direction of the free magnetic layer. The 
key parameter which describes the NP electron states is the spin-resolved wavenumber kn↑,↓ (the wavenumber kn 
is not spin-resolved in the case of non-magnetic NPs). Some theoretical models10,26 and experiments27 show that 
NPs which are not magnetic at room temperature might have a weak magnetic properties and spin-resolved density 
of states (~kn↑,↓) due to exchange interaction with magnetic layers at low temperature.
Model of coherent tunneling
The electron transport model through the NP is similar to that for the double barrier magnetic tunnel junction 
(DMTJ). This model has a long history of applications16,28–32 and development33–36. This theoretical works described 
the electron transport through a nanojunction between two different ferromagnetic leads taking into account 
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the spin-dependent momentum conservation law. This theory utilizes quasi-classical and quantum mechanical 
approaches and is based on the solution of an extended kinetic equations for Green functions. Therefore it can 
be applied for the electron transport calculations through the tunnel barrier within a quantum-ballistic limit for 
single and double barrier MTJs16,30,31.
The working formula Eq. 1 for the conduction spin channel is coming from generalized point-contact model 
(the validation of the Eq. 1 can be found in Supplementary Information):
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The conductance G = I/V is proportional to the product of the transmission ( )Ds
P AP  and cosine of the incidence 
angle of the electron trajectory cos(θs) with the spin index s = (↑, ↓); kF,s is the wavenumber on the Fermi level of the 
top (bottom) FM layers as a function of the positive (negative) sign of the applied voltage V; for simplicity, the top 
and bottom FM layers are taken as equivalent to each other (see Fig. 1), except magnetic properties (bottom layer 
is magnetically soft, see Fig. 1); G0 = e2/h is the spin-resolved conductance quantum G0 ≈ 3.874 × 10−5 Ω −1 and σ 
is cross section area factor. Angular brackets ...
θ φ,s
 in Eq. 1 are determined as follows: 
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2  gives the critical angle restriction θmin = arccos(XCR) when the electron tunnels 
from the conduction band of the top FM layer with kF,s into the minority or majority bands of the bottom layer 
with kF,s′(V). Depending on the properties of the materials the majority band can be characterized by kF,↑ or kF,↓, 
but in most FMs it corresponds to kF,↑.
In DBS simulation we used analytical solution for the transmission, in this case point-contact area exchanged 
by the system, which has double barrier energy potential profile and cross section area of NP σ = σ0 = π(d/2)2. The 
transmissions ( )Ds
P AP  of the conduction electrons through the DBS were calculated according to the quantum 
mechanical regulations. The solution is stationary over time and space. Analytical views of the transmission are 
accessed in refs 16,37. SBS was derived as a limit of the DBS at d → 0. The cross section area factor for SBS was 
determined as σ = (Q − σ0), where Q is a unit area of the tunneling cell.
Here we employed the parallel circuit connection of the unit tunneling cells, where each cell contained one 
size-averaged NP per unit cell area Q, which characterizes concentration of the NPs in MTJ. The tunnel junction 
with the surface area S consists of N = S/Q cells. For the real systems, however, it is important to consider the size 
distribution of NPs and calculate the conductance according to this distribution. Therefore only the size-averaged 
NP was considered as a basic model here.
The total conductance of the junction is G = N × ∑s(G1,s + G2,s), where G1,s is the spin-up and spin-down con-
ductance through NP (coherent double barrier tunneling with equal barriers). G1,s is the dominant term and G2,s is 
the conductance of the direct tunneling through the insulator without NP. Finally, TMR = (GP − GAP)/GAP × 100%.
It is necessary to notice that consecutive tunneling regime is not considered since its impact is much 
less than G1 = G1,↑ + G1,↓. The consecutive regime might be only dominant in MTJs with embedded NPs for 
d > 3.5 nm (tNP > 1.5 nm), and for granular systems above the percolation threshold, e.g. in NPs/I multilayers 
[Fe(0.1 < tFe < 1.5 nm)/MgO(tMgO nm)]N according to ref. 24.
The present study shows that the formalism, which was developed for DMTJs is applicable for the model of 
tunnel junctions with embedded magnetic and non-magnetic NPs. The conducting energy states of metallic NPs 
at low temperatures can be quantized and approximately satisfy the QW solution for the energy = /ħE k m2n n2 2 , 
where the electron wavenumber can be estimated as follows:
pi= / ( )k n d 2n
Figure 1. Schematic view of the symmetric tunneling cell (TC) with NP. The colored arrows show the parallel 
(P) γ = 0, anti-parallel (AP) γ = π and perpendicular γ = π/2 magnetization of the ferromagnetic layers (FMs); 
γ is angle between FMs magnetizations.
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where n = 1, 2, 3, ... (see Fig. 2); the NP diameter d assumed to be equal to the width of the QW, the distance between 
barriers and proportional to the number of atoms inside NP. The set of kF,s and kn,s for FM layers and NPs are initial 
parameters, respectively which characterize the state of the system at ( = )−V V0 10 V4  and temperature T → 0. 
In contrary the state with V ≠ 0 modifies the absolute values of the wavenumbers according to the following rela-
tions: ( ) = + ⋅, ′ , ′k V k c VF s F s
2 , neglecting the voltage drop on the electrodes and FMs, and:
( ) = ± ∆ / + ⋅ / ( ),↑ (↓) ħk V k m cM V 2 3n n2 0 2
M = m/m0 is the ratio of the effective mass m to the free electron mass m0, s′ = ↑(↓), c = 2m0e/ħ2 ⋅ 10−20 [Å−2 eV−1] 
is the dimensional factor, Δ 0 is a small energy difference between the spin-up and spin-down electron states in 
the case of magnetic NPs.
The approach of the NP’s energy levels in range of the QW solution (Shrödinger equation) is the most simplified 
picture and is used in the model to show an approximate scale for kn(d) and n, however we ignore discrete QW 
solution in some cases. More accurate energy bands (electronic spin band structure) and it’s quantization (the 
gaps between states) can be found within different theoretical techniques such as R. Kubo formalism and random 
matrix theory38,39, abinitio calculations or Landau perturbation theory40. For example abinitio calculation of the 
density of states was performed for TMR simulation in ref. 36.
Results
A. Anomalous TMR in MTJ with embedded NPs. The anomalous TMR behaviors are shown in Fig. 3. It 
reproduces the peak-like TMR and its suppression at zero voltage (TMR0), which was demonstrated previously8,11,41. 
TMR0 can be even negative. According to our simulations, the solution was determined with assumption T → 0. The 
electron energy is equal to EF and EF ≫ kBT. The initial parameters in Fig. 3 were taken as follows: kF,↓ = 0.421 Å−1, 
kF,↑ = 1.09 Å−1, (kF,↑ = 1.2 Å−1 for curves 3 and 5, Fig. 3a), M = 0.8, both barrier heights UB = 1.2 eV, both barrier 
thickness L1,2 = 1 nm, effective mass for barriers 0.4m0 and Q = 20.0 nm2.
The most strong TMR0 suppression is related to n = 1 within the QW solution kn = nπ/d (Fig. 2). In the case of 
the occupied states n = 1 (d = 1.25) or n = 3 (d = 2.6) the TMR behavior was switched to the classical one, which 
is similar to those in planar DMTJ16,29. Figure 2 shows the QW solution for the kn(d) with n = 1, 2, 3, where Δ 0 = 0, 
V = 0. For example, solid black arrow shows the switching n = 1 into n = 2 state with the energy gap 
∆ = / ( − ) = .= =ħE m k k2 0 9n n n2 22 12  eV for d = 1.25 nm, and it corresponds to the transition between 1 and 4 TMR 
curves in Fig. 3a. The energy gap between all states rapidly becomes smaller when d grows, while the Fermi level 
of the NP increases.
The suppressed TMR0 behavior (corresponding to small wavenumber kn ≈ 0.1 − 0.36 Å−1) was observed only 
at low temperatures in experiments (the temperature related details is discussed in Supplementary Information). 
Furthermore, the TMR0 achieves negative value at kn < π/d (Fig. 3c, curve 2) that might be possible due to the NP’s 
shape anisotropy, interface effects, non-equal barrier thicknesses and other reasons and resulting in significant 
deviation Φ from the ideal QW approach kn = nπ/d − Φ .
The simulations for ( )Ds
P AP  at small kn correspond to the rapid tunnel transparency growths due to opened and 
permitted section of the trajectory angle θs at the threshold voltage, since kn(V) increases with voltage (Eq. 3). Thus, 
GP and GAP form a step-like behavior, Fig. 3d. The phenomenon is denoted as the quantized conductance regime 
due to restricted NP geometry. Once the conductance steps are located directly in the region of low voltage 
V ≈ 10−4 V the TMR0 suppression takes place here.
The second kind of TMR anomalies such as peak-like TMR behavior is shown for d = 2.6 nm at kn = 0.4508 Å−1, 
(Fig. 3c curve 1). As can be seen the peak width within a few mV is similar to experimental one (Fig. 3b curve 4*). 
The origin of the TMR peak is the beginning of the quantized conductance regime due to the restricted contact 
geometry (Fig. 3d). Well-defined peak was discovered in very narrow range 0.4504 < kn < 0.4509 Å−1, that reflect 
Figure 2. Quantum well solution for the kn = nπ/d with n = 1, 2, 3. Horizontal dashed line shows an example 
of the fixed kn = 0.251 Å−1 corresponding to the MTJs with NP d = 1.25 nm, n = 1 or d = 2.5 nm, n = 2. Arrows 
show possible switching between QW states.
www.nature.com/scientificreports/
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resonant TMR character and also rapidly increased resistance RP(AP) = 1/GP(AP). The minor resonant TMR peaks 
and dips can be also observed at finite voltages (Fig. 3b curve 3 and Fig. 4b, see d = 2.4, d = 1.8 nm).
As a result the resonant TMR peak observed due to quantized behavior of the spin-polarized conduction 
channels for P and AP magnetic configurations: some of them are still closed for AP while partly open for P 
configuration, i.e. some section of the permitted θs is more restricted for AP against P state. The transmission 
probability amplitude is coherently suppressed for both P and AP states due to the imbalanced matching of the 
electron wave-functions on the interfaces. The resonant TMR0 suppression means inversed situation, i.e. P state is 
more restricted against AP. Positive (negative) TMR value was obtained for GP > GAP (GP < GAP).
Figure 3. (a) presents TMR-V simulations for d = 1.25 nm, kn=1 = 0.251 Å−1 and kn = 2 = 0.5026 Å−1, curves 1 
(3) and 4 (5) correspond to kF,↑ = 1.09 (1.2) Å−1, respectively. The dashed curve 6 correspond to the magnetic 
state of NP with kF,↑ = 1.09 Å−1, kn=2,↑ = 0.5051 Å−1, kn=2,↓ = 0.5001 Å−1, other parameters see in the text; Curves 
2* and 4* in (a,b) is experimental data11 for tNP = 0.45 nm and tNP = 1.2 nm, respectively (T = 2.5 K). (b) TMR 
curves 1, 3, 5–7 for the case of d = 2.6 nm correspond to the kn = 0.121, 0.242, 0.362, 0.4508, 0.483 Å−1, 
respectively. (c) Curve 1 shows peak-like TMR within extended voltage range and coincides with the curve 
6 depicted in Fig. 3b, curve 2 shows negative TMR0 = − 8% for kn = 0.115 Å−1, d = 2.6 nm. (d) Corresponding 
step-like quantized conductance is shown.
Figure 4. TMR curves according to the NP size distribution, where kF,↑ = 1.09 Å−1, kF,↓ = 0.421 Å−1. For all 
curves kn values are fixed: (a) kn = 1.1 Å−1; (b) kn = 0.4508 Å−1, other parameters are the same as in previous 
cases.
www.nature.com/scientificreports/
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Interestingly, the observed quantized conductance and related resonant TMR are close to ballistic conductance42 
and giant magnetoresistance effect in nanocontacts32,43, respectively. Therefore from this point of view, anomalous 
TMR is giant TMR effect.
The distribution of the TMR-V curves for different NP sizes is given in Fig. 4, where Fig. 4a correspond to 
kn = 1.1 Å−1 (NP as a bulk limit) and Fig. 4b shows curves kn = 0.4508 Å−1. For example, in Fig. 4a the TMR0 
demonstrates enhancement for d = 1.0 and d = 2.6 nm. It can be noticed that the dominant impact on the peak-like 
TMR formation in real junctions with NP dispersion is probably coming from the NPs with d > 1.5 nm since the 
transmission channels based on NPs with d < 1.5 nm are much more resistive which make their contribution in 
total current less important, thus reflecting the experimental conditions 1.05 < tNP < 1.35 nm for the TMR peak 
observation11. In real tunnel junctions, the problem of the non-homogeneous voltage drop arises in the case of the 
asymmetric DBS with non-equal barriers37.
B. MTJ with magnetic NPs. Since the anisotropy effects such as voltage-induced screening or density of 
states dependence of the NP and FM layers due to crystallographic order are not presented in this model, there is 
no difference between pMTJ and in-plane MTJ due to the fact that transmission does not depend on the choice of 
the quantization axis. All TMR effects including anomalous one occurs in pMTJs too.
In this section we analyzed fabricated pMTJs according to our experimental data22. In contrast to the maximal 
resistance switching related to P and AP magnetic configurations, the unstable minor resistance switching at room 
temperature was well-defined in the R–H loops as can be seen in Fig. 5a, the data taken from ref. 22. It is clearly 
observed back and forth switching of the minor resistance amplitudes by around 16% (≃ 0.4 kΩ ) with respect to 
total resistance change. It is assumed that this resistance switching is related to the reversal of the magnetization of 
almost all nanoparticles which co-oriented or anti-oriented with respect to the free layer magnetization direction. 
The bottom layer is a free (soft) layer in the samples, which is similar to presented model.
In the case of our data22 (Fig. 5a), pMTJ with NPs has the field offset of the R–H loop with respect to that of 
pMTJ without NPs (Fig. 5b). Such conversion between AP and P states is allowed due to the stronger magneto-static 
interaction between FMs layers and magnetic NPs. It induces the large amount of intermediate magnetic config-
urations of the domains in the soft layer.
The curve 1 (red circles) shown in Fig. 5a for the NP d = 1.82 nm corresponds to the TMR with the amplitude 
of 111% at I = 20μ A, while curve 2 (blue triangles) represent TMR ≈ 85% that perfectly correlates with our the-
oretical estimations, Fig. 5c. For comparison, Fig. 5b shows the R–H loops of the pMTJ without NPs. The TMR 
ratio is around 11% at room temperature, and the sharp resistance switching is observed between P and AP con-
figurations. The same TMR value at similar conditions was also derived in ref. 44 but in contrast to present work 
Figure 5. (a,b) show R–H loops of the experimental data with and without embedded NP at room temperature, 
respectively; (c) shows around 23% of the relative TMR change between curves 1 and 2. Initial parameters are as 
follows: kF,↑ = 1.01 Å−1, kF,↓ = 0.45 Å−1, d = 1.82 nm, kn,↑(↓) = 0.54 ± 0.002 Å−1 for curve 1; = . .,↑ (↓)
−
k 0 54 0 002Ån
1 
for curve 2, and curve 3 is non-magnetic case: kn = 0.54 Å−1.
www.nature.com/scientificreports/
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the magnetization of the soft FM layer changed gradually even though the field offset of the R–H curve was also 
observed.
Figure 6c shows simulations of the magnetic NP for d = 1.82 nm. As can be seen, the TMR0 increases to 122% 
(curve 1) and 92% (curve 2) at zero voltage, however, the vertical dashed line shows almost the same TMR values 
as experimental one at V = 50 mV. In this case we used following parameters: kn,↑ = 0.542 Å−1, kn,↓ = 0.538 Å−1 for 
curve 1, which is attributed to the co-aligned magnetic moment of the NP with respect to the free magnetization 
direction, and for curve 2 kn,↑ = 0.538 Å−1, kn,↓ = 0.542 Å−1 with the anti-aligned magnetic moment. The kn values 
are comparable with the k-values of the QW state above n =  3. Equation 3 was simplified to the 
( ) = ( ) + ⋅ /, ,k V k cM V 2n s n s
2 . The curve 3 shows the non-magnetic case kn = 0.54 Å,−1 other parameters such 
as effective masses and barrier’s heights were taken from previous simulations.
As a result, the TMR amplitude depends on aligned or anti-aligned coupling of the NP magnetic moment. 
The gap in 0.004 Å−1 between kn,↑ and kn,↓ is an approach of magnetic state of the NP with presence of the external 
magnetic field. Initial state of NP is assumed to be paramagnetic. Spin-resolved kn opens additional spin-resolved 
electron scattering on NP. Spin-up and spin-down electrons leads to increased variations of the tunnel transparen-
cies. However in real systems there are always several reasons that reduce the theoretically estimated TMR values: 
screening effect, interface and internal disorder, spin-flip scattering, intermediate magnetic configurations of the 
domains, etc.
After simulations of the anomalous TMR and splitted TMR behavior in case of MTJ with magnetic NP, we 
used the same approach to calculate spin transfer torque because it is quite important spin dynamic characteristics 
for applications.
C. Spin transfer torque. One of the important effects which may characterize the tunnel junction is spin 
transfer torque45–47. Figure 6 shows estimation of the in-plane STT values (STT component along barrier interface) 
for DBS and SBS. The strong and almost linear enhancement of the in-plane torque vs. voltage is found for tunnel 
junctions with NPs (n = 2, d = 1.25 nm). It is shown that even if tunneling thickness for DBS is large, i.e. 3.25 nm 
(t = 2L + d), the STT is comparable to the value in SBS with t = 1.0 nm. The STT value calculated for the SBS with 
t = 3.25 (d → 0 nm) is negligibly small, i.e. −
T 10 6 meV/Q at V = 250 mV (not shown). Moreover, STT is higher 
in case of magnetic NP (Fig. 6). Thus, we conclude that in the case of MTJs with magnetic NPs the larger STT effect 
should increase the fluctuations (blocking temperature) of the both magnetic moments for NPs and soft magnetic 
layer and it should also decrease the critical switching current value in STT-MRAM cell, some experimental evi-
dence of this fact can be found in ref. 48.
The theoretical background, which assists to calculate the STT value by means of only charge current density 
components in the SBS was derived in refs 49,50:
Figure 6. Spin torque simulations for single and double barrier systems per unit cell area (u.c.a.) for 
different quantum states. The parameters are similar to those for curves 3 and 5 in Fig. 3a, magenta curve is the 
STT-V dependence for the magnetic NP: kn,↑(↓) = 0.5026 ± 0.025 Å−1.
www.nature.com/scientificreports/
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( )ħI J J e2P AP P AP P AP   are the spin current densities. ↑↓
( )JP AP  are the charge current densities, which 
were derived as = ( + ) /( ) ,
( )
,
( )J G G V Qs s s
P AP
1
P AP
2
P AP  and ( ),
( )G s1 2
P AP  were calculated according to Eq. 1. T|| was calculated 
for the case when top and bottom FM magnetizations are perpendicular to each other (γ = π/2) and reach the 
maximal value, assuming magnetization direction of the NP is the same direction as the bottom FM layer. The 
STT was calculated in a similar way following Eq. 4 for single and double barrier systems due to the same definition 
of the electrical circuit in range of the coherent tunneling.
Conclusion
In this work demonstrated theoretical technique allows us reproduce TMR anomalies according to the experimental 
studies available in literature. The model of the tunnel junctions with embedded NPs is based on the approach of 
the double barrier magnetic tunnel junction, which was developed earlier, however, in order to observe quantized 
conductance regime the role of the lowest QW states and small values of the wavenumber was crucially empha-
sized. The TMR anomalies such as the TMR suppression or peak-like TMR behavior at low voltages are simulated 
within coherent tunneling regime by tuning only one parameter (kn value) without consideration of the particle 
distribution by size. Moreover, the TMR amplitude variation was studied in pMTJs with magnetic NPs for two 
possible coupling cases such as co-aligned and anti-aligned with respect to the magnetization of the soft layer. 
Co-aligned coupling provided valuable TMR-V amplitude enhancement. The present model predicted also large 
STT effect in tunnel junctions with magnetic embedded nanoparticles, which may induce the valuable reduction 
of the critical current density for current-induced magnetization switching.
The results show that considered junctions are complicated systems for simulations, where the implementation 
of the resonant TMR as well as the energy-effective STT magnetization switching can be achieved due to presence 
of nanoparticles. The developed theoretical technique is promising as a background, which makes it possible to 
generalize the model and describe the TMR behaviors more precisely with the NP dispersion. Moreover presented 
model can serve as a main guideline for the non-linear I-V curve calculations in novel spintronic and nanoscale 
quantum structures. In addition the approach can be applied for data analysis of the scanning probe microscope 
with conducting tip.
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GENERAL MODEL OF THE MAGNETIC POINT CONTACT 
 One can imagine metallic point-contact removing some pieces of the barriers 1,2 0L  , Fig. 1 or (Fig. S1a). 
The metallic nanoparticle (NP) becomes a part of the top (left) and bottom (right) metallic FM layers connecting 
them together (transmission 1sD  ). The charge current of the metallic point-contact with orifice cross section can 
be calculated according Eq. S1, which was derived in assumption that electron energy is equal to FE , while 
F BE k T
1: 
 
 
2 2 2 2
, ,min 1
3
0
, ,
2
F s
s s s s
e p a V J ka
I dk F k D l
k

  , (S1) 
       , , , , , ,bal df dfs s s s s s s s s s sF k D l F D F k D l F k D l
 
   , (S2) 
where e  and 
sl  are electron charge and mean free path, respectively; a is radius of the spot-like contact and Bk  is 
Boltzmann constant. k is Fourier image of radial variable  , which is the coordinate of electron on the contact 
plane;  1J x  is Bessel function. , ,minF sp  , ,minF sk  is value of the Fermi momentum, where , ,minF sk  is Fermi 
wavenumber which has to be minimal (min) value between ,
L
F sk  and ,
R
F sk ;  , ,s s sF k D l  contains integration over 
,c s  which is angle between z-axis and direction of the electron velocity, where index  c L R  determines the 
contact side. 
sD  is transmission coefficient determined in range of standard definition of the quantum mechanics. 
Transmission usually is a function of the electron wavenumbers, ,c s , applied voltage V and other possible variables. 
These variables have been defined from specification of the considered problems where point-contact area can be 
exchanged by quantum object, similar to the present problem. 
 All integrals inside Eq. S2 are written in relation to variable ,L s  in order to simplify solution and integral 
limits. The total current is summation of the both spin components of the charge current I I I
 
  . The complete 
view of the first and second terms of Eq. S2 accessed in ref. 2 The first term has a simple form 
 ,cos
L
bal
s L s sF D

  and is responsible for the ballistic and quantum-ballistic transports while  , ,dfs s sF k D l

 and 
 , ,dfs s sF k D l

are responsible for quasi-ballistic ( ,l a l a
 
   and ,l l a
 
 ) and diffusive regimes of  
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the conduction (or Ohmic resistance, ,l l a
 
 ). All three terms of Eq. S2 are the solutions of the system for the 
quasi-classical Green functions with quantum boundary conditions. The last term  , ,dfs s sF k D l

 considers the 
gradient of the chemical potential nearby contact interface (for more technical details check ref. 1). 
 It is worth to note that bal
sF  is not a function of k and l , and this fact is an important fundamental quantum 
property of the electron in nanoscale. If take only    , , bals s s s sF k D l F D  then Eq. S1 can be simplified since
 21
0
/ 1/ 2J x xdx

 , and: 
 
2 22
, ,min
,/ cos
2 L
F s
s s L s s
k ae
I V D
h 
   . (S3) 
Equation S3 as a ballistic part of the general Eq. S1 shows validity of the Eq. 1. In case of symmetric non-magnetic 
point-like contact L R
F Fk k ,    , 1D D   ,  ,cos 1/ 2
L
bal
s L sF

  , and finally: 
Z     
2 2 2(2 / )( / 4)Fe h k a  which coincides with Sharvin conduction limit
3,4 
Sh . Thus, Eq. S3 is some kind of extension 
of Sharvin conduction limit and characterizes the quantum conduction of the quantum system which is located 
inside the contact area. The quantum physics of the system can be accounted through analytical or numerical view 
of the transmission. The conductance (Eq. S3) is different from ''classical ballistic'' one for the general case where 
1sD  , the definitions in terms of ''coherent'', ''direct'' or ''quantum-ballistic'' limits are more appropriated.   
Furthermore, in order to analyze the solution in range of the complete expression (Eq. S1) in the limit of the non-
magnetic symmetric point-contact, all terms in Eq. S2 were simplified: 
   
2
1
2 20
1 ( )
4
4 1 1
Z Sh
dx J x
x x K x K
 

 
  
    
  (S4) 
where /K l a . In the limit when K  ( / 0a l  ), the integral is vanishing in Eq. S4 and conductance 
transformed into Sharvin limit.  
 
Figure S1. (a) Schematic plot of the point-like contact which is considered as an orifice in impenetrable wall  
(a -spot model); ( )L R
s  is chemical potential. (b) shows numerical solution of the present model for /Z Sh   and 
refined Wexler's ratio /W Sh  as function of /a l . 
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Taking into account the exact integral's asymptotic for 0K   ( /a l  ):  
 
   
2
1
2 200
1 2
lim
4 31 1
K
J xdx
K
x xK xK 


 
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   
it is easy to obtain an exact diffusive solution (or Maxwell-Holm limit M ), Z M   8 / 3 ShK   2 / Va  , 
where 
V     
1 1
2 2 2 2 3/ / 3F Fe nl k e p l 
 
   is resistivity in volume [ m]  and 3 2/ 3Fn k   is electron density 
in metals. The dependence of the numerical ratio /Z Sh   on /a l  is very close to Wexler solution 
 
1
3
/ 1
8
W Sh K
K

 
  
 

    with Mikrajuddin's corrections5,6, where    ·
0
2
 sincK xK e x dx


  . Figure S1b 
clearly reveals that our model shows good matching between Sharvin and Maxwell-Holm classical limits. 
 
TEMPERATURE DEPENDENCE  
Considering the T-impact, it is noted that the ballistic conductance shows lack of dependence on T. As a 
result, the thermal heat occurs relatively far away from the contact area, i.e. on the distance larger than mean free 
path. However, Ohmic resistance (diffusive regime) depends on T since metal resistivity is sensitive to the 
temperature4. Yet the temperature impact for the simulating NP in range of double barrier system might be 
considered as indirect T-dependence of the transmission, especially for 10.1 0.46Ånk
  . Transmission sD  is a 
function of nk and if the Fermi energy of NP is comparable with Bk T then nk  has the margin of the values, which 
significantly changes the conductance behavior due to conduction band broadening. 
The key parameter of our model is nk . The consideration of the system in terms of finite temperature 
depends on how corresponding energy of nk  is compared to Bk T . In range of 
10.46Ånk
  (corresponding energy
2 2 / 2n nE k m ) the thermal energy at room temperature is important, while for 
10.1 0.26Ånk
   even a few 
Kelvins is important; therefore, we have to add additional integration over nk  in the following form to get more 
correct conductance: 
     
2 min
1
,
0
sin cos ,
X
s s s s s n s s
X
G dx D k x d

      , (S5) 
where 21(2) 2 /BX mk T . With increasing temperature, the T-induced band broadening destroy TMR dips and 
peaks7. For example Fig. 3c, Fig. 3e and Fig. 3f in ref. 8 clearly show how the width of resonant peak increases 
with temperature at low voltages and its amplitude slowly decreases. However the resonant TMR peak has to be 
more stable for higher temperatures in contrast to TMR suppression since nk  is larger (e.g. Fig. 3f in ref. 8 reveals 
this fact). Our simulations show classical dome-like TMR behaviors without anomalies when 10.5Ånk
  and 
developed approach is valid at room temperature at this case. 
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